The preliminary results of analyses on the propagation aspects of free space optical signals in Singapore are presented. Effect of visibility, scintillations and rain are also presented. A model is proposed for free space optical communications. 
Introduction
The design of free space optical (FSO) links takes into account several mechanisms that could degrade the performance of the link. The main mechanisms are: path attenuation due to low visibility; due to mist and fog (for temperate regions); scintillation for long path and where the temperature and relative humidity are higher; and effects of rain in heavy rainfall rate regions. The range of FSO links, operating in temperate regions, is limited by fog but in tropical regions, rain is expected to be the limiting factor. However, much work is not reported on the effect of rain on FSO links operating in temperate regions and there are no existing models to estimate attenuation for FSO links. This is one of the reasons why the Infocomm Development Authority of Singapore (IDA) conducted a three months trial for free space optical (FSO) links in Singapore. Three FSO links operating in the 790/840 nm wavelengths were set up on top of three Housing Development Board (HDB) building blocks in Sengkang, in the Northern part of Singapore 1 to evaluate the performance (Fig. 1) . The received signal strengths of the 1000 m link were monitored to investigate the performance of the link especially during heavy rain. The rainfall rates, temperature, humidity and wind speed and directions were data logged at one end of the 1000 m link (Block 317B) and also at another building (Block 262A) approximate 750 m away, and about 250 m away from the other terminal.
Analyses of FSO received signals and Rainfall rates
During the 3-months period (8 Feb to 15 May 2012) of the trials, the received signals of the 1000 m FSO link were continuously monitored with samples data-logged at one-second interval; the 740 m link was monitored for about a month. The received signals were processed to obtain one-minute averaged signals. At the same time, a weather station was operating at Block 317A; a second meteorological station came on-line a few weeks later at Block 262A. One-minute rainfall rate data were collected. During the 3-month period, there were 23 days when it rained (minimum measurable rate is 12 mm h -1 , using a tipping bucket rain gauge).
During the trials, there was no minute by minute correlation between the two rain gauges. Normally, there is a delay of about three minutes between the peak rainfall rates. Hence, there was also no significant minute by minute correlation between the FSO received signals and the rainfall rates. S-band Doppler radar records from Singapore Meteorological Service (MSS) showed that the heavy rain cells over the trial site for such events were small, i.e. comparable or less than the 1000 m path length. It was, therefore, difficult to obtain a direct correlation between the rainfall rate and the attenuation of the FSO link. The cumulative distributions for the rainfall rate and the link attenuation were computed and shown in Figs 2 and 3. From these two cumulative distribution functions (CDFs), the equi-probability relationship between one-minute rainfall rate and the one-minute FSO link attenuation for 1000 m link has been obtained (Fig. 4) . Two graphs were obtained: one for each of the two rain gauges. For the correlation exercise, if the attenuation data was lost, the rainfall rate data would be excluded from the CDF and vice versa. In the absence of measured data for tropical areas, this relationship between the rainfall rate and the FSO link attenuation (for a 1 km link) is adopted for modeling the attenuation of FSO links. It may be noted that the link attenuation consist of the link path attenuation due to rain and another attenuation due to heavy rain falling on the FSO transceiver window.
As far as it is known, there has not been any previous measurement made for FSO link attenuation in tropical regions and hence, there is no suitable model for modeling optical path attenuation due to tropical rain. There is a model adopted by Japanese researchers 2, 3 , which proposed the following expression for the path attenuation, A, in terms of the rainfall rate (integrated over 10 minutes), R 10m :
The 10 minute rainfall rates for various probabilities for Singapore were obtained from rainfall rate data previously collected and processed by the research group at NTU. These were used to compute the predicted link attenuation and shown in Fig. 4 . This set of attenuation is lower than the measured link attenuation.
Simulations of heavy rain and Condensation on
the FSO transceiver window
Rain on FSO transceiver window
Previous experience with line-of-sight microwave links operating in the 23, 38 and 58 GHz links clearly showed that water on the antenna radomes of these links gave rise to additional losses. Tests were conducted to simulate the effects of water on the windows of the FSO links. During heavy rain, it is expected that attenuation due to water on the FSO window will be worst when the rainfall rate is high and when the wind speed is high and the wind is blowing normally towards the FSO window. 
Condensation on FSO transceiver window
The relative humidity in a tropical region like Singapore could be very high, hence condensation could occur when the ambient temperature falls during the night or early morning, especially when the sky is clear. Condensation occurring on the FSO window could attenuate the FSO signal. Tests were carried out to simulate condensation to assess the attenuation introduced. This was done using a sprayer with very fine spray. The results are shown in Fig. 5 .
Since the data for a 740 m FSO links was also measured (but for only a month), it was thought that it may be possible to separate the attenuation due to water on the FSO window and the path rain attenuation, using the data simultaneously collected from both the 1000 m and the 740 m links. For each link, there are two components of the path loss: the fixed value due to water on the FSO window and the path distance variable portion. However, preliminary investigations suggest that this was not possible due to the limited data collected.
Scintillation characteristics of received signals
The received FSO signals suffer from scintillations due to refractivity variations along the line-of-sight between the FSO terminals. Significant diurnal and seasonal variations of peak-to-peak scintillations were observed. The peak-to-peak scintillation for each hour of the days in each month are averaged and plotted in Fig. 6 . There is a very clear diurnal variation, with the peaks around noon for February and March; for April and May the peaks occur later. The diurnal peak-to-peak variations correlate well with the ambient temperature. There are four plots for February, March, April and May 2002, showing the seasonal variations. It has also been observed that the peak-to-peak scintillation is very much higher on hot still days, especially before heavy rain, and it drops to a low value immediately after heavy rain.
Visibility range in Singapore
The rain attenuation along a FSO path could be estimated using rainfall rates. This approach is taken by radio engineers for microwave communication links. Engineers from the optical community prefer to rely on visibility range to predict path rain attenuation, hence, hourly visibility and hourly rainfall data for Singapore has been analysed and shown in Fig. 7 . From past records, low visibilities are due to smoke haze during an El Nino year. During September and October, winds blow the smoke from forest fires from Indonesia towards Singapore. For October 1997 the hourly visibility dropped below 1000 m for 21 hourly observations over three consecutive days. The lowest hourly recorded visibility range was 700 m.
The estimated attenuation corresponding to a visibility of 700 m ranged from 17 to 26 db km -1 , depending on the model used. Since this value is lower than the corresponding value for heavy rain and smoke haze is not an annual event, the effects of heavy is more significant in the design of FSO links in Singapore. Low visibility, recorded, could also be due to heavy rain when smoke haze from forest fires was absent. Therefore, any serious analyses of visibility data should separate low visibility due to heavy rain and smoke haze. The relationship between visibility and FSO link attenuation is different for these two mechanisms.
Preliminary model for estimating attenuation for FSO links in tropical areas
The model for estimating attenuation for FSO links in tropical areas must take into account the time varying losses -effects of rain, smoke haze and atmospheric scintillation. In general, the worst case of scintillation occurs in hot humid conditions when there is no rain (estimated peak-to-peak scintillation of about 12 dB. In another scenario, there is heavy rain and low peak-to-peak scintillation (approximately 4 dB). In the third scenario, there is smoke haze and average peak-to-peak scintillation (approximately 6 dB). For a link fade margin of say 30 dB, the effects of scintillation is not an issue, when there is no heavy rain or smoke haze present. The effects of smoke haze and scintillation is also less serious. There, the prediction model considers the effects of heavy rain and scintillation. During heavy rain, the scintillation is low: -4 dB peak-to-peak or ± 2dB, i.e. the average signal could be depressed by 2 dB.
The relationship between the measured link attenuation and the estimated rain path attenuation has been obtained for a one kilometre link and shown in Fig. 4 . For planning of future FSO links, the results must be applicable for other path lengths. There are two rain loss factors to be taken into account: the loss due to water on the FSO window, W, and the rain path attenuation, A 1km . In the absence of measured data, an engineering judgement was made on the contribution between these two effects. The path rain attenuation model mentioned earlier was adopted and hence, the difference between the measured link attenuation was taken as the loss due to water on the FSO transceiver window. However, these values are for a one kilometer FSO link. To extrapolate the data for other path length, the ITU-R 530-7 path reduction factor for prediction of rain attenuation for microwave line-of-sight systems is employed. Although, the path reduction factor is for the computation of attenuation exceeded for 0.01% of the time, it would be used for other values of probability from 0.1 to 0.005%. In this ITU-R model, the reduction factor is 0.89 for path length of 1 km. Since the measured data is for one kilometer, a reduction factor normalized to one kilometer is used. The normalized reduction factors for this model for paths length around one kilometre are: 0.5 km/1.06, 1.0 km/1.00, 1.5 km/0.95, 2.0 km/0.90, 2.5 km/0.86, and 3.0 km/0.82. These normalised reduction factors (r l ) are used to estimate the overall rain link attenuation for p% of the year for path length, L as: A p = W + A 1km × L × r l + 2 A further 2 dB is added to the above rain effects to account for scintillations. The relationship between the fade margin the path length and the link availability (100 -p%) are summarized in the Fig. 8. 
Summary
Rain is the main factor in the design of FSO systems operating in high rainfall rate regions. In addition to path loss, another loss mechanism, which must be taken into account, is the water on the FSO transceiver window. The effects of smoke haze on FSO system in Singapore are not as serious as rain but may be so for FSO links operating close to Forest Fires, e.g. in Kalimantan, Indonesia. A preliminary model has been proposed for the design of FSO systems, taking into account the rain, the smoke haze and scintillation effects.
